I. INTRODUCTION
Due to their unique physical and optical properties, nanodiamonds (NDs) have a large number of applications. [1] [2] [3] Their rich surface chemistry and large surface area make NDs an interesting nanocomposite. 4 The non-toxicity and mechanical stability of the diamond core make these composites appropriate for medical applications, such as drug delivery [5] [6] [7] and protein mimics. 8 Their strong mechanical and thermal properties, in addition to their surface versatility, make them excellent materials for lubrication. 9 Moreover, the fluorescence properties of nitrogen vacancy centers of NDs have opened up possible applications in high resolution magnetic sensing, 10 fluorescence resonance energy transfer, 11 and biomedical imaging. 12 In natural environments, NDs, with a small graphite fraction of ∼10%, have been identified as presolar grains in meteorites. [13] [14] [15] There are several techniques for the production of NDs, 1, 16 including detonation synthesis, 2, 17, 18 milling of microcrystals, 19 pulsed laser ablation of graphite surfaces (in vacuum, in inert gaseous environments, or in liquids), 20 chemical vapor deposition (CVD), 21, 22 and application of circular shockwaves. 23 Detonation synthesis is a popular commercially used technique. 1, 3 The carbon and energy source are molecular explosives, which are placed in an oxygen deficient sealed chamber containing an inert gas or water. The explosives are ignited and 'soot-NDs' are formed. Detonation soot can consist of up to 80% diamond nanoparticles of typical sizes between 3 and 4 nm contained within submicron and micron size aggregates. The remainder of explosion products also contains graphitic carbon along with debris from the chamber. Even though ND aggregates can be utilized in many areas, such as chromatography 24 and drug delivery, 25 generally de-agglomeration of these larger structures is required as well as purification in order to obtain viable NDs. Isolation of NDs, however, is generally not straightforward due to their strong agglomeration properties. A successful technique is to ground the ND powder together with micron-sized zirconium dioxide balls. 26 Oxidizing mineral acids at elevated temperatures are also commonly used to remove impurities on the surfaces and particles of up to 95% diamond content can be obtained. 1, 3 Diamond-like-carbon (DLC) materials are characterized by their significant fraction of diamond among graphitic carbon and/or hydrogenated amorphous carbon (a-C:H). 27, 61 DLC materials possess many of the advantages that diamond exhibits, i.e., mechanical hardness, chemical and electrochemical inertness, and a large band gap. The main use of DLC materials has been in protective coatings of optical flats, magnetic storage disks, car parts, and biomedical appliances. 28 In the present work, we report the formation of DLC nanoparticles, after UV multi-photon laser excitation of gaseous naphthalene buffered in static helium, at room temperature. The nanoparticles are identified in situ by their absorption and scattering profiles between 400 and 850 nm and modeled using Mie theory. Comparisons of their spectroscopic and optical properties with those of carbonaceous materials containing different sp 3 /sp 2 hybridization ratios will be used to evaluate the prevalent sp 3 
/sp
2 ratio of the particles formed. As shown in Refs. 29 and 30, the particle extinction in this closed static (unstirred) gas-phase system exhibits complex and quasi-periodic oscillatory time dependence, which can persist for up to several hours. The extinction dynamics of the system is based on a combination of transport features and particle interaction, predominantly agglomeration. The relatively long period of agglomeration allows for a unique analysis of the agglomeration process of DLC nanoparticles in situ.
In Section II, the experimental setup and previously observed results are briefly outlined; for a full description see Ref. 30 . In Section III a (single) representative measurement is presented and analyzed in the spectral range 400-600 nm, demonstrating the production of DLC nanoparticles from UV multi-photon excitation of naphthalene, by comparison with spectral profiles of carbonaceous material, and the agglomeration of nanoparticles in the gas mixture. In Section IV, concurrent results in the spectral range 550-850 nm are presented. Formation routes to diamond-like material are discussed in Section V, followed by some conclusions and a brief outlook in Section VI.
II. EXPERIMENT
The experimental setup has been described in detail elsewhere, 29, 30 and will only be briefly outlined here. The sample gas mixture is contained in a static gas chamber (volume ∼5.3 dm 3 ), which can be evacuated to 10 −3 mbar. Room temperature naphthalene vapour (0.06 mbar) is leaked into the evacuated chamber, proceeded by (grade 5) helium, typically at pressures above 5 mbar. Naphthalene (scintillation grade, >99% Aldrich, CAS 91-20-3) is exposed to focused UV light at 308 nm from a pulsed excimer laser (Lumonics EX-700, XeCl). Typically between 10 and 1000 pulses at repetition rates between 5 and 50 Hz are used, with average laser pulse energies ranging from 2 to 100 mJ. Optical losses over a ca. 10 mm cross-sectional area, perpendicular to the excitation pulse and through the focal point of the UV pulse, before and after UV excitation are measured using incoherent broadband cavity enhanced absorption spectroscopy (IBBCEAS). 31 Optical losses were measured with a spectral resolution of 1.65 nm and a temporal resolution as low as 10 ms in two wavelength regions: (a) 400-620 nm and (b) 550-850 nm. To calculate extinction using IBBCEAS the gas mixture of photo-products must be "well mixed" and the pathlength known. In the current measurements, extinction could not be extracted as the light interaction pathlength inside the cavity cannot be determined and may be time-dependent. Instead optical loss is characterized using αd, where α is extinction [cm 
III. RESULTS
After UV photo-excitation the system exhibits a variety of dynamic behaviour in optical losses, and under certain conditions (quasi-)oscillations could be observed for up to several hours. 29, 30, 32 A sample time-dependent optical loss measurement at 550 nm is shown in Figure 1 . After an initial short period where no discernible pattern is observed, the optical loss begins to oscillate and continues for over an hour.
Spectra recorded during dynamic behaviour are unstructured, increasing monotonically with decreasing wavelength in both the 400-620 nm and 550-850 nm regions, see Figure 2 . A general broad (weak) feature between ca. 660 and 810 nm appears in virtually all spectra. The general lack of isolated FIG. 1. Time-dependent optical loss at 550 nm of the UV photolysis products of gaseous naphthalene in 50 mbar of helium at room temperature (photolysis conditions: 35 UV pulses of average energy 24 mJ at 10 Hz (pulse duration ∼10 ns); the last photolysis pulse denotes time t = 0 min in view graphs). The first 10 min following the multiphoton excitation is shown in panel (1) , where no discernible pattern can be observed for the initial ca. 4 min. Subsequently the optical loss begins to oscillate, shown in panel (2) , with quasi-periods of ca. 2 min. Oscillations occur for approximately 1.5 h. After 2 h the optical losses had not returned to zero, shown in panel (3) .
features demonstrates that the optical losses are not solely based on absorption, but contain an important contribution by scattering. Although missing isolated spectral features, a change in the wavelength dependence of extinction could FIG. 2 . Sample αd spectra measured in two wavelength ranges. The top and bottom panels display four spectra each, measured in the wavelength ranges 380-620 nm and 550-850 nm, respectively. The insets display the temporal quasi-oscillatory change in αd at a single wavelength, 550 nm (top panel) and 650 nm (bottom panel). Each spectrum was recorded at maximal αd during oscillations and is labelled (i), (ii), . . . , (viii) in both panels and insets. UV excitation occurred at 0 min. Conditions of both measurements are described in full in Ref. 30 . be observed over time, see Figure 3 . This change indicates that the time-dependent behaviour cannot be described solely by dynamic transport of photolysis products in the chamber. Particle growth and/or interactions also play a significant role and consequently the size distribution of particles is also time-dependent, see Sections IV C and IV D.
Although it was possible to qualitatively predict the type of dynamic behaviour for different pressure regimes of the buffer gas, 29 it was impossible to predict the wavelength dependence of optical spectra at a particular time. However, the evolution of wavelength dependence of spectra, for the majority of measurements, showed similar behaviour. Spectra recorded closest to UV photolysis exhibited the strongest wavelength dependence (Section IV B), i.e., a significant increase of extinction towards the UV and as time evolves the strong wavelength dependence is reduced and the extinction gradient towards the UV decreases. This dynamic spectral behaviour was observed, to varying degrees of change and at different rates, in virtually all measurements and no behaviour to the contrary was observed.
An important aspect of the observed dynamics is particle deposition on the chamber walls, which acts as a sink for particles generated in the photolysis. Thus the distance of the UV pulse focus from the chamber walls for a given buffer gas pressure was found to have an influence on the observed dynamics. By reducing the volume of the chamber, such that the distance from the focus to the nearest wall surface is 5 cm or less, no oscillations are observed and the time-dependent αd behaviour simplifies into a single increase in optical loss followed by decay. 29 As particles are removed from the gas mixture over time by depositing on the chamber walls, changes in optical losses cease and return to zero much faster under "small volume" conditions. When the observed loss was no longer time-dependent, it was possible in some cases to resume oscillatory αd behaviour by heating the chamber walls.
IV. DESCRIPTION OF SPECTRA USING MIE THEORY
The absorption and scattering of electromagnetic radiation of light by spherical particles, of size similar to the wavelength of light, can be calculated using Mie theory. For a full description of Mie theory, including formalism used in all computations here, see Ref. 33 . To apply Mie theory we assume particles to be spherical and the total extinction of the particles inside the chamber to be equal to the sum of intensities scattered and absorbed by individual particles. To calculate extinction, the size distribution of particles and their complex refractive index, n, are required. In this section, these parameters are retrieved for particles formed in a relatively simple time-dependent extinction measurement, with only 3 extinction maxima. The behaviour of particle dynamics found in this measurement is common in the vast majority of cases. Sample measurement details are described in Section IV A. For analysis, the measurement is divided into two periods, occurring in the initial 30 s after UV excitation and the following dynamic behavior over the following 50 min. In Section IV B, the first period is analyzed. An appropriate wavelength dependent complex refractive index is retrieved, using values reported in the literature for other carbon materials, along with a single particle size distribution. In Section IV C, a suitable size distribution and complex refractive index for the rest of the measurement is determined, using parameters retrieved in Section IV B.
A. Example measurement
A representative time-dependent loss measurement (αd) at 600 nm and loss spectra between 400 and 620 nm, taken at four times, (A) 0.42 min, (B) 1.1 min, (C) 4.2 min, and (D) 19.2 min, after laser excitation are shown in panels (1) and (2) of Figure 3 , respectively. The experiment was performed at an ambient temperature of ca. 34.5
• C and with a helium buffer gas pressure of 10 mbar. 35 UV light pulses at 10 Hz and an average energy of 16.3 mJ were focused into the centre of the chamber. The laser's temporal and spatial full width at half maximum (FWHM) are estimated as 15 ns and 50 µm, respectively. This results in an on-axis peak irradiance of ca.
GW/cm
2 . An initial first maximum of αd = 0.002 is observed 1.4 min after photo-excitation. This initial peak was followed by 2 more maxima over a 45 min period. The last broad increase and decrease in αd occurred over a ca. 15 min period. At times A to D (see panel (1) of Figure 3 ), the optical loss at 600 nm is approximately the same (αd ≈ 2 × 10 −4 ). However, the wavelength dependence of αd is not comparable; over time the optical loss at shorter wavelengths decreases.
B. Analysis of extinction spectra immediately after UV excitation
The laser pulse produces a mixture of naphthalene fragments formed from multi-photon absorption, 30 which are the precursors for chemical growth. The growth is governed by the cooling of the "warm" gaseous species; the collision rate depends on the initial temperature and pressure at which precursor species were generated. The time scale of chemical growth cannot be determined by way of the present setup, owing to a limited time resolution, or wavelength range, or both. The variety of time scales at which optical losses appear has been described previously in Refs. 29 and 32 (also see Section IV C). However, approximately 30 s after UV excitation the dominant source of optical loss is due to absorption and scattering by particles (see spectrum A in panel (2) of Figure 3 ). In other words, after that initial time period of ∼30 s, where no information on the nature of the loss can be obtained using our current approach, IBBCEAS is an adequate method to monitor the subsequent agglomeration phase.
The initial chemical growth period (∼30 s) is followed by agglomeration on a time scale of ca. 50 min, accompanied by a loss of particles and aggregates to the chamber wall. This period is characterized by dynamic motion of the particle and aggregate cloud in the chamber, which may be potentially driven by the initial heating effect caused by the laser pulse, leading to the observed oscillatory behavior.
The wavelength dependence of the extinction is dominated by the material properties (i.e., optical constants). For small grain sizes (i.e., 2πr/λ ≪ 1, where r is the particle radius and λ is light's wavelength) the extinction's wavelength dependence (∼λ
) is largely independent of the actual size, known as the Rayleigh range. Increasing the grain size will generally cause the extinction to become less dependent on wavelength (∼λ −a , with a being typically between 1 and 2). For the description of extinction dynamics of the system, we assume that the initial distribution of particles after photolysis is likely to be the narrowest. Particle interaction and agglomeration would naturally lead to a broadening or other more complex changes of the size distribution over time. Consequently, to model the wavelength dependence of the measured extinction in the initial phase, we approximated the distribution as a single primary particle size of diameter D at 30 s after photo-excitation. We also assume a pathlength of 1 cm for the calculation of extinction (required in IBBCEAS), based on the hypothesis that particles are situated in the chamber centre around the photolysis area. Note that a change in the pathlength will not affect the particle size distribution; however, it will result in a linear change in particle number density. Lastly, a common wavelength dependent complex refractive index must be selected. The ratio of sp 3 to sp 2 hybridized carbon bonds present is used to characterize the carbon material. Graphite consists purely of sp 2 hybridized bonds and diamond purely of sp 3 hybridized bonds. Selection of a complex refractive index is the main source of error in using extinction to determine particle size, as the refractive index is extremely sensitive to the particle formation pathway. However, although error in refractive index selection leads to inaccuracy, the observation of trends and changes is not affected.
An optimization program containing the two independent parameters, size and number density, was utilized. The program was based on the Nelder-Mead simplex algorithm of Mathematica 8. 34 A number of fits using a variety of complex refractive indices, obtained under different conditions and containing contrasting sp 3 /sp 2 ratios, were performed. For optimization of simulated spectra in comparison to measured spectra, equidistant data points between 400 and 600 nm (50 nm apart) were selected. In total five data points turned out to be adequate for the optimization due to the featureless nature of the optical properties of carbonaceous particles. Optimization in the initial phase was performed on spectrum A in panel (2) of Figure 3 , using the complex refractive index of carbonaceous material formed in a flame, in pyrolysis of cellulose, through sputtering of graphite in an argon plasma and an argon/hydrogen plasma. Specifics of those carbonaceous system are outlined and discussed in Subsections IV B 1-IV B 4.
Soot
The consistency of particulate matter formed from polycyclic aromatic hydrocarbons (PAHs) has been studied in connection with soot formation in combustion processes, where PAHs act as precursors for soot formation. Soot carbon bonds are considered to be dominated by sp 2 bonds and in Walsh et al., 30 we suggested the path to particle formation follows a similar path to soot formation. 35, 36 However, no good comparison could be found between the optical properties of flame soot and spectra measured immediately after UV photolysis. Panel (1) of Figure 4 shows an optimal simulation of spectrum A in panel (2) and Charalampopoulos 37 from a premixed propane-oxygen flame. The corresponding output parameters, i.e., the single particle diameter D and χ 2 representing the quality of the fit, are shown in Table I . The description is poor and unable to describe the substantial rise of extinction towards the UV.
Pyrolysis of cellulose
Jäger et al. studied structurally different amorphous carbonaceous dust analogues with different sp 3 /sp 2 ratios. 38 The materials were synthesized by pyrolysis of cellulose at 400, 600, 800, and 1000
• C, with hybridization ratios decreasing with increasing temperature. The complex refractive index of the materials was determined by using reflectance of bulk samples between 0.2 and 500 µm and KramersKronig analysis. The two best simulations of spectrum A using complex refractive index pertaining to the pyrolysis of cellulose at 400
• C and 600
• C (approximately 20% and 30% of the carbon bonds are sp 3 , respectively) are shown in panels (2) and (3) of Figure 4 . The corresponding output parameters are given in Table I . Similar to simulation using parameters for soot, the agreement is inadequate for cellulose-based materials.
Sputtering of graphite in argon plasma
Savvides 39 reported the formation of DLC materials on films using unbalanced magnetron gun sputtering of a graphite target in argon plasma. The wavelength dependent refractive index was calculated from reflectance and transmittance data of the materials. The sp 3 /sp 2 ratio varies as a function of ion energy per deposited carbon atom. Using purely carbon atom deposition, up to 70% sp 3 bonds could be achieved. Panels (4)-(6) of Figure 4 show simulations using refractive indices from higher sp 3 /sp 2 bond ratios as reported by Savvides.
40,41
The simulations with parameters for pure carbon material agree somewhat better with our measurement, however, the agreement with the observed spectral dependence is inadequate, especially towards the UV where a significant rise in extinction loss is not reproduced well (cp. Table I and Figure 4 ).
Sputtering of graphite in argon/hydrogen plasma
Higher sp 3 /sp 2 bond ratios, up to 89% sp 3 bonds, were reported in carbon film deposition from argon/hydrogen plasmas which produce DLC films. 40, 41 Panels (1) and (2) of Figure 5 show fits using the complex refractive indices of DLC, with 80% and 89% sp 3 bonds. By using the optical properties of DLC materials, spectrum A in panel (2) of Figure 3 can be reproduced satisfactorily. The fit based on properties of 89% sp 3 bonds containing 25% hydrogen leads to the best agreement (cf. Table I and Fig. 5 ). The retrieved particle diameter of 35 nm, using 89% sp 3 bonds, is near the Rayleigh range. Consequently it is impossible to determine if particles of smaller dimensions are formed during photolysis, as there is no significant dependence on size in the optical spectrum.
In the DLC films reported in Refs. 40 and 41 the only other species present is hydrogen at ∼25%. This percentage of hydrogen cannot be explained through CH passivation bonds on the surface of the film alone. Hence hydrogen should also occur inside the carbon film where the small fraction of sp 2 carbon sites is probably paired up into at least ethylenic units. In the nanoparticles, however, the overall percentage of CH bonds present could not be determined from the present measurement and compared with sp 3 
/sp
2 ratio continually correlates with improving the fits. Consequently, the largest sp 3 /sp 2 ratio of ∼8.1 has been taken as a good approximation for DLC nanoparticle formation immediately after UV photolysis. Since typical optical band gaps between 0.5 and 3 eV are stated, 40 we investigated the possibility of using Tauc plots   42 to potentially further elucidate the nature of the DLC particles formed in the photolysis. Based on the data in panel (2) of Fig. 3 , trace A, the band gap as per a corresponding Tauc plot could be between ca. 1 and 2 eV. That band gap range would indicate amorphous DLC (i.e., a-C:H) according to Table 1 in Ref. 28. This conclusion is, however, to be looked at with great caution, as Tauc plots are usually applied to thin films and not to gas-phase particle suspensions. Moreover, the spectral region between 400 and 600 nm is small, so that the Tauc extrapolation results in rather large uncertainties.
C. Analysis and simulation of extinction measured at times greater than 30 s
As no distinguishable features appear and/or disappear in the spectra as a function of time, and due to the inertness and mechanical stability of DLC, chemical reactions are expected to be insignificant for the dynamics of the system after 30 s of UV excitation. Consequently, the evolution of spectra is likely to be solely governed by particle interaction. The dominant process of change is expected to be agglomeration, due to the mechanical stability of DLC. The period >30 s is characterized by dynamic motion of particle and aggregate clouds in the chamber, which is probably due to the heating effect caused by the initial laser excitation pulses, accompanied by a loss of particles and aggregates to the chamber wall.
For the modeling of particle size, a normal distribution on a logarithmic scale was used
where the unitless size variable
the amplitude factor, A, the standard deviation, σ, and size at maximum, x 0 , are independent parameters; D represents the particle diameter in nanometers. The log-normal distribution is widely used to empirically describe distributions, both man-made and natural, and it allows for analysis over several orders of magnitude. The continuous log-normal distribution is divided into discrete particle sizes using 13 equally spaced size bins placed between −2.5 σ and +2.5 σ in the log-normal distribution. The extinction efficiency of the particles assigned to each size bin is approximated by using the extinction efficiency of the mid-particle size of each size bin. Using 13 size bins was found to be sufficient to optimize the model fit. The most probable size of the log-normal distribution (center value of the maximum) is set at x 0 = log 10 (35 nm) for the entire time duration of the measurement. This implies that the small particles formed immediately after UV photolysis remain the most abundant throughout the measurement; their sizes are the most likely to occur even though the system evolves in time. The agglomeration of particles over time is described by the increasing width of the size distribution and consequently decreasing concentration of particles of size D = 35 nm. The effective description of agglomerates can vary with formation pathway, ranging from diffusion flames to the interstellar medium, consequently many models are available. In the current set-up, fractal aggregates are not expected. 43 Hence we assumed the particle agglomerates to be rather compact with a certain space filling factor (further discussed below). The agglomerates can be characterized as an inhomogeneous material containing DLC and pores, resulting in a varying refractive index throughout the medium. Consequently, the Bruggeman effective medium approximation (EMA) is used to determine an effective refractive index for the agglomerates. 44 The Bruggeman EMA approximates the material as a random mixture of spherical particles, DLC and pores in the present case, embedded in an effective medium. Using this approximation, an effective dielectric constant, ε eff , can be extracted from
where ε DCL and ε pores are the dielectric constants of DLC and pores, respectively, and f DCL and f pores are their respective filling factors. The complex refractive index of the effective medium can then be calculated using the relation n 2 eff = ε eff . The dielectric constant of the pores is taken to be that of vacuum, i.e., ε pores = 1. The filling factor is chosen from the Ballistic Particle-Cluster Aggregates (BPCA) model of Kozasa et al. for compact agglomerates, where the DLC particles are considered as projectiles onto the agglomerates, with a sticking probability of one. 45 Using the BPCA model the filling factor of DLC is taken to be f DCL = 0.85.
Retrieved parameters of fits to spectra B, C, and D are given in Table II . Figures 6-8 show fit results for spectra B, C, and D, respectively. In each figure panel (1) shows the extinction spectra (black line), pivot points used for optimization (red marks), and the simulated spectra (blue solid circles connected by line). Panels (2) show the following parameter f :
where N D is the concentration of particles in the size bin represented by diameter D, and D ′′ and D ′ are the boundaries of the corresponding relative size bin. Panels (3) in Figures 6-8 show the contribution of particles in each size bin to the total extinction. In all three measurements it was found that particles of diameters less than 35 nm do not contribute substantially to the total extinction. Consequently, details of the smallest size TABLE II. Parameters retrieved from fits to the spectra measured at times B, C, and D (cf. panel (1) of Figure 3 ), using a porous DLC material, with sp 3 /sp 2 ratio of 8.1, the Bruggeman EMA, a filling factor of 0.85, and a log-normal distribution. The minimum least square sum, χ 2 , represents the quality of the fit and is based on the sum of squares of the difference between simulation and measurement. bins have been omitted from Figures 6-8 . Similarly, the size of the largest particles in the fit to spectrum B does not contribute significantly to extinction and has been omitted from Figure 6 . As illustrated by the results in Table II and Figures 6-8 , the Bruggeman EMA and Mie theory are adequate to describe the time-dependent behavior of the extinction spectra for porous carbon material containing 8.9% sp 3 bonds and using a 0.85 filling factor. The description is reasonably simple and physically meaningful.
As anticipated for agglomerating particles, the width σ of the log-normal distribution increases with time. Hence the largest particle size, of diameter ∼1142 nm, was retrieved from spectrum D in a very low concentration. Spectra B and C were measured at 1.1 min and 4.2 min, i.e., within the first 5 min after UV excitation. In this time frame σ increased by ca. 22%. Spectrum D was measured ca. 15 min after spectrum C, however, the width increased by almost half, i.e., 11.5%. The change in the rate of agglomeration of particles is likely due to, first, the reduction in the particle number density owing to the expansion of the cloud, second, to the agglomeration process itself and, third, to adsorption losses on the chamber walls. These processes make the initial agglomeration rate time-dependent and thus it is difficult to identify the size of nanoparticles formed from the chemical reaction scheme immediately after a single UV excitation pulse. The 10 ms time resolution of the IBBCEAS setup is not high enough to study the chemical route to DLC formation. Moreover, as the spectral dependence is very close to the Rayleigh range for a spectrum of nanoparticles with D = 35 nm, nanoparticles of diameters less than this will not significantly contribute to a change in the wavelength dependence of optical losses.
Within ∼20 s after photo-excitation, no change in optical loss is observed. This phenomenon also occurred in other measurements, previously described in Ruth et al. 29 It is likely that in this time frame particles have already formed, as energy has dissipated and radicals would react much faster at the pressures of the experiments. However, the particle size is expected to be small (<35 nm) causing only a small extinction. Consequently, although there is a high density of particles, their combined extinction is below the sensitivity of the setup. Only after agglomeration, the absorption and scattering by particles will become observable. The delay in the observation of optical losses may be due to a small and gradually increasing rate of agglomeration.
D. Characteristics of the 550-850 nm range
The dynamic behaviour of spectra in the 550-850 nm range was qualitatively the same as in the 400-620 nm range, i.e., with increasing measurement time the generally larger extinction in the UV decreased, concurrent with measurements made in the 400-620 nm range. 30 Unlike spectra in the 400-620 nm range, spectra in the 550-850 nm range contain a broad feature located between ∼660 and ∼810 nm. The source of this (potentially molecular) feature could not be identified. A similar broad feature, with maximum in the 720-730 nm range, has been observed in hydrogen rich diamonds. 46 However, the feature was also not identified. Strong absorption features in the 510-580 nm range are also observed in diamond, 47 which have been suggested to be due to nickel defects, through photoluminescence studies. Features in that region were not present in our spectra. Reactions with traces of O 2 or N 2 at partial pressures below 10 −3 mbar cannot be excluded per se, however, there is no evidence for their occurrence. A meaningful model to simulate spectra in the 550-850 nm is difficult to establish without identification of the source of the feature. Thus, only the spectra in the 400-620 nm region were used for the determination of the sp 3 /sp 2 bond ratio in this study.
E. Investigations outside 400-850 nm range
Optical properties outside of the 400-850 nm range can add further understanding to the DLC material. Further, Tauc plot analysis can potentially help determining the optical gap and C/H ratio of the nanoparticles. IR spectra can also reveal significant details of the hydrogen content, as well as possible minor contaminants, due to the strong dipole moment of bonds such as CO in the IR. However, the gas phase nature of the setup, the lifetime of the DLC nanoparticles formed, before agglomeration begins, and the dynamic behavior of products, currently stand in the way. Collection of DLC nanoparticles, near the focus, allows mobility of the DLC nanoparticles for different tests. However, the size distribution of particles evolves, making ex situ observations difficult. Collection of particles can also result in agglomeration, resulting in distortion of the nanoparticles' individual characteristics. Comparison of extinction using the optical properties of finite sized materials calculated from a model solely dependent on the optical gap will be the focus of future work. Finally, polarization effects would have been rather interesting to investigate in order to obtain more information on the nature of the photolysis products formed. However, polarization effects are difficult to measure in cavity experiments, as the polarization state of light is altered by the cavity. Hence this was not attempted.
V. POSSIBLE ROUTES OF DLC FORMATION
The formation of DLC nanoparticles with the current approach is unique and no data on similar synthesis procedures of nano-sized DLC materials could be found in the literature. The dynamics of local pressure and temperature following multi-photon excitation, and the generation of specific fragments, ions, and radicals will have an influence on particle formation. Even though PAHs are generally remarkably photo-stable, dissociation energies in neutral and in ionic naphthalene can be assumed to be similar 48, 49 (about 4.5 eV for H-loss). In the present case, where UV excitation is at 308 nm, fragmentation can in principle occur upon 2-photon excitation in neutral naphthalene or upon 4-photon excitation (or higher) via cationic naphthalene. There is evidence that multi-photon excitation (n > 3) does indeed occur in our experiment. 30, 32 Due to this fact and owing to the very limited information about the potential fragmentation of neutral naphthalene, ionic fragmentation will be considered here. The main cationic fragmentation channels of naphthalene after photo-excitation have been identified in previous studies [50] [51] [52] [53] due to their importance in soot formation and potentially for the development of species in the interstellar medium. The ion fragmentation channels can be divided into a group at lower (<16 eV) and higher (>18 eV) excitation energy. All low energy channels, which dominate the fragmentation of naphthalene, are energetically possible upon 4-photon excitation in the present experiment (16.1 eV) . The most prominent low-energy fragmentation pathways comprise -H (15.35 eV), -H 2 (15.60 eV), and -C 2 H 2 loss reactions. 50 The complete photodestruction of the naphthalene cation is suggested to proceed via subsequent C 2 H 2 loss: C 10 H 8 + + hν → C 10 H 8 + − n(C 2 H 2 ) with (n = 1. . . 4).
54
In our previous work, 30 we suggested a likely chemical pathway to particle formation to be through the growth of PAHs. Even though there are a number of possible scenarios and models of reaction pathways for nascent soot formation from PAHs 35 (e.g., through resonantly stabilized freeradical species), we assumed the widely established process of Hydrogen Abstraction Carbon Addition (HACA), 36, 55 which essentially captures the thermodynamic and kinetic requirements for the sooting process. HACA is used to describe the first steps in soot formation to masses of ca. 500-1000 amu. This phase of growth is followed by a nucleation process of gaseous species leading to solid particles (up to ca. <1.5 nm), which finally start to coagulate. As soot contains a low diamond content, the chemical mechanism of growth through PAHs is highly unlikely.
DLC can be formed from phase transition, graphite to diamond, and by chemical reaction schemes. 28 High temperature (>2000 K) and pressure (∼10 GPa) are required for the phase transition to occur. In shockwave synthesis of NDs, the high temperature created in the shockwave is key for the formation of diamond structure. In the current setup, a shockwave is created by a single UV pulse at low pressure. However, the estimated upper limit of local temperature is less than 500 K based on the excitation conditions. 29 This value was evaluated assuming a 5-photon energy conversion per absorbing naphthalene molecule in 80 mbar of helium. 29 A temperature of only 500 K is far below the requirement for diamond to be formed through a phase transition.
For detonation synthesis of NDs, the formation pathway is still debatable. Both models of phase transition, where the diamond is formed during the detonation wave, 56 and chemical pathway, where the detonation wave forms the chemical precursors necessary for diamond growth, 18 have been suggested. For chemical growth mechanisms, temperatures of less than 1000 K and pressures between 1 kPa and 100 kPa are required. These are conditions that are comparable with those in the experiments presented here, i.e., possible local temperatures of up to 500 K and the presence of chemical precursors which are generated from fragmentation during UV excitation. These conditions are also comparable to diamond growth on films, by chemical vapor deposition (CVD) and plasma-enhanced CVD.
Although the time scale of DLC formation is not known for the current experiments, the conditions are not dissimilar from detonation synthesis of nanodiamonds, i.e., initiation through the release of energy on a nanosecond scale (the laser excitation pulse) and the resulting shockwave. Since a plasma plume is created from the UV excitation, comparison can also be made with plasma-enhanced CVD. Similar to plasma-enhanced CVD (which is used to describe detonation synthesis), the present approach resembles models of nanodiamond formation via a chemical pathway. The growth of DLC from plasma-enhanced CVD can follow (a) physical, or (b) chemical processes. 28 (a) Subsurface implantation of carbon containing ions into the bulk of the carbon material, followed by preferential formation of sp 3 bonds, is a physical process that is based on, and well described by, numerical and analytical models. However, the entire mechanism is not fully understood, in particular the method of relaxation, which is suppressed at high ion energy and temperature. 28 For a pure carbon plasma, the highest sp 3 fractions are formed by C + ions with energy around 100 eV. For a hydrogen containing plasma, the molecular ions incident on the surface will break up into atomic ions and each ion will penetrate into the bulk. In the experiments, subsurface plantation is unlikely to play a large role in diamond formation. The carbon ion energy range of interest for the process is between 10 and 1000 eV. Pure carbon ion formation from naphthalene was not observed by Jochim et al. 48 by UV excitation of more than 22 eV. The low energy available to molecular ions formed from UV excitation make fragmentation unlikely upon collisions.
(b) In chemical processes of plasma-enhanced CVD, 22 reactions can occur on the surface, or in the bulk. In the plasma above the surface, reactions between the source hydrocarbon, usually methane, and hydrogen atoms create a mixture of hydrocarbon species, including reactive carbon containing radicals. The addition of species to particle nuclei is dependent on their probability to stick to the CH covered surface. Di-radicals and unsaturated species, such as C 2 H 4 and C 2 H 2 , can insert directly into the surface CC and CH bonds, and these species play the most important role in growth. Of these neutral species, C 2 H 2 is the most likely to be abundant in the present gas mixture, due to the naphthalene fragmentation patterns below 16 eV. 48 Successive abstraction of C 2 H 2 has also been suggested by Ekern et al. 54 to be the dominant pathway for the full destruction of the naphthalene cation.
Atomic hydrogen, with an appearance energy of 15.35 eV in naphthalene fragmentation, 48 plays a critical role on the surface in DLC formation from plasma enhanced CVD. Reaction of hydrogen atoms with CH bonds at the surface can lead to the formation of dangling bonds on the surface. Frequently, these radical sites are refilled with hydrogen by combining with gaseous atomic hydrogen. However, the constant turnover of surface hydrogen drives the surface chemistry and results in the dehydrogenation of adsorbed carbon containing molecules and the addition of carbon to the lattice. Also, hydrogen can react with any carbon sp 1 or sp 2 sites on the surface converting them into sp 3 bonded carbon during this turnover. Beneath the surface, hydrogen can penetrate into the bulk, due to its size, where they can abstract hydrogen from a CH bond and create subsurface dangling bonds and molecular hydrogen, which desorbs from the bulk. The dangling bonds can then preferentially form sp 3 bonds.
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VI. CONCLUSION AND OUTLOOK
Nano-diamond-like-carbon has been formed from UV multi-photon excitation of naphthalene in a static gas cell, with sp 3 /sp 2 ratio of ca. 8.1. To our knowledge this is the first report on the formation of DLC from photo-excitation of molecules in the gas phase, and from UV excitation of a hydrocarbon (irrespective of the phase). The technique enables a new way to study diamond formation in situ. However, under the current experimental conditions, the time resolution is not sufficiently high to observe the chemical/physical pathways to formation. Optical access to the molecular assortment is obtainable for other in situ spectroscopic techniques with higher time resolution, such as laser-induced fluorescence or resonance-enhanced multi-photon excitation. 57 The high spatial resolution of such techniques may also provide valuable information as to the source of the transport features observed. The work presented here may be of significant interest for astro-chemists concerning the UV photo-excitation of polycyclic aromatic hydrocarbons (which are believed to be abundant in the interstellar medium 58, 59 ), and the possible pre-solar formation of NDs observed in meteorites develops through a chemical pathway. 60 Although the density and temperature in the experiments outlined here differ substantially from those in the interstellar medium, the results suggest that NDs can indeed be formed in the gas phase through a chemical pathway.
The physical process of agglomeration of nanoparticles was observed over successive measurements following their initial chemical formation. Their optical properties were modeled on a porous DLC material, with the refractive index estimated using the Bruggeman effective medium approximation. The porosity of the material was chosen from the ballistic particle cluster aggregates model, with a filling factor of 0.85, of Kozasa et al. 45 Their size-distribution was modeled using a log-normal distribution and particles with diameters in excess of ca. 650 nm were observed in very low concentrations. The highest sources of extinction were from particles of diameters between 125 and 350 nm. Agglomeration of DLC particles in the gas phase is an important deterrent in many forms of ND synthesis, such as detonation synthesis, where agglomerates with sizes in the order of microns have been observed.
Further analysis and investigation of this novel production method of ND materials from nanosecond UV light pulses focused into a gaseous mixture of a polycyclic aromatic hydrocarbon and helium are likely to have impact in many fields of science and technology.
